Introduction
[2] Geodetic measurement of groundwater-induced deformation is essential to understand hydrological processes affecting water reservoirs [Galloway et al., 1998; Bell et al., 2002; Hoffmann et al., 2003; Schmidt and Bürgmann, 2003] . The technique of Interferometric Synthetic Aperture Radar (InSAR) is uniquely suited to monitor elastic and inelastic response of aquifer systems to changes in groundwater levels, providing new insight into the role of geological structures and lithological parameters in plain aquifers [Amelung et al., 1999; Hoffmann et al., 2001; Bell et al., 2002; Motagh et al., 2007] . In contrast to other geodetic techniques that rely on point measurements at the Earth surface, InSAR readily provides high-resolution measurements ($20 m/pixel) of surface displacement at sub-cm accuracy over relatively large areas [Massonnet and Feigl, 1998; Bürgmann et al., 2000] . Although InSAR only measures one displacement component along the satellite line-of-sight direction, the latter is most sensitive to vertical motions, which is appropriate for measuring land subsidence or uplift above exploited or recharged aquifer systems.
[3] In this paper we present a survey of land subsidence due to water reservoir over-exploitation in Iran. Earlier geodetic studies detected localized subsidence in specific areas [Motagh et al., 2007] . Here, we show that land subsidence above exploited aquifers is in fact a very widespread phenomenon in Iran. We find evidence for the prevalence of compacting aquifers, resulting from excessive groundwater withdrawal, in turn causing this subsidence. The Envisat platform acquired radar images over major cities and valleys in Iran (Figure 1 ), for which we applied the two-pass method to derive differential interferograms [Massonnet et al., 1993] . The SAR data in this study are processed using the InSAR processing software SARscape (http://www.sarmap.ch). We remove the topographic component of interferometric measurements using a 90 m-posting digital elevation model [Farr and Kobrick, 2000] . The interferograms are filtered using a weighted power spectrum technique [Goldstein and Werner, 1998 ], unwrapped with the Snaphu software [Chen and Zebker, 2001] and converted from the phase delay in the line-of-sight direction into vertical changes between the two scenes, assuming that the slant line-of-sight range changes are dominated by vertical deformation alone. Figure 1 illustrates interferometric pairs depicting ground displacement in selected areas of major land subsidence-Tehran, Rafsanjan, Zarand-Kerman, Yazd-Ardakan, Kashmar, and Mashhad. The groundwater level measurements associated with some areas covered by the interferograms are shown in Figure 2 .
Areas of Subsidence Mapped by InSAR
[4] We find that the area surrounding Tehran, the capital of Iran with a population of about 14 million people, is subject to groundwater-induced deformation (Figure 1a ). Tehran's groundwater supply have been depleted over the past decades, partly due to uncontrolled immigration and rapid population growth, and partly due to increased extraction, for industry and farming activities spreading across the area [Sarraf et al., 2005] . Since the 1990's, extensive overexploitation of groundwater is evidenced by a fall of $13 m in groundwater level in the Varamin area to the southeast of the Tehran Plain (Figure 2 ). Official estimates claim that there are currently 8000 illegally drilled wells in the Tehran province, while the unofficial estimates put this figure closer to 30,000 (http://iran-daily.com/1384/2384/ html/panorama.htm#s93396). The satellite data shows surface [5] Another area subject to subsidence is the Rafsanjan plain within central Iran (Figure 1b ). Intensive groundwater extraction for irrigation [Mousavi et al., 2001] , mainly pistachio production, has lowered regional groundwater levels by more than 15 [6] Exploitation of groundwater has also been very intensive in the valleys of Mashhad and Kashmar in the northeast of Iran, resulting in a decline of the mean groundwater levels by 15 m since the 1980's (Figure 2 ), reaching as much as 64 m over the past 4 decades in some places [Motagh et al., 2007; Anderssohn et al., 2008] . As shown in Figure 1c , the associated subsidence in Mashhad, the second largest metropolitan area in Iran (population 4 million), occurs as an elliptical-shaped bowl aligned NW-SE along the axis of the valley with a maximum value of $12 cm for the 140-day period between June 14, 2004 and November 1, 2004 ($30 cm/yr). In Kashmar, InSAR results ( Figure 1d ) indicate a significant subsidence bowl with a peak value of up to 8 cm for the 105-day period between August 26 and December 9, 2004 ($27 cm/yr).
[7] The Zarand-Kerman plain to the northeast of Rafsanjan is also experiencing significant subsidence. The region has experienced a decline of groundwater levels by as much as $20 m since 1990 (Figure 2) . Figure 1e illustrates a 245-day Envisat interferogram of the ZarandKerman Plain formed by InSAR images taken in July 3, 2003 and March 4, 2004 . The interferogram indicates that an area of more than 1000 square kilometers in the valley is experiencing subsidence. The large subsidence feature, which extends $37 km NW-SE and $10 km NE-SW, occurs around Zarand with a peak value of $15-17 cm for the 245-day period (22 -25 cm/yr). The areas around Kerman and the central part of the valley are also subsiding, but at a lesser rate, by as much as 9 cm in places during this period.
[8] Located in the center of Iran's desert area, the province of Yazd is among the driest regions in Iran with an average annual rainfall of only 60 millimeters [Motiee et al., 2006] . It relies heavily on groundwater supplies, which are delivered by tunnels (known regionally as Qanat) for irrigation and industrial needs. 
Discussion
[9] The InSAR-derived subsidence maps presented in this study have important implications for the mitigation of land subsidence hazards in Iran and may help improve the management of groundwater resources at local and regional levels. Comparing InSAR-derived subsidence maps such as those shown in Figure 1 and Landsat TM images reveals that subsidence mainly affects agricultural settings (auxiliary 1 KML GoogleEarth files), demonstrating that groundwater pumping for agricultural activities is the major responsible for land subsidence in central and northeast Iran. Our study suggests that at least 25% of Iran's population of 70 million reside close to dramatically shrinking water reservoirs, where surface deformation has the potential to reach a meter or more within just a few years. Rapid subsidence due to groundwater pumping is also observed over smaller spatial scale. For example, overexploitation of aquifers in the Kerman province has caused a small subsiding zone with relatively high rates (up to 14 cm/ yr) in an agricultural region $50 km southeast of Bam (auxiliary material Figure S1 ).
[10] Note that most of the interferograms investigated in this study cover summer seasons, hence they may show higher subsidence rates than full-year measurements. In fact, piezometric data show some seasonal fluctuations (Figure 2) , that are expected to have some influence on the subsidence rate [Schmidt and Bürgmann, 2003] . InSAR pairs covering consecutive time periods or those that included rainy seasons (auxiliary material Figures S2a-S2f ) also show subsidence, implying that the deformation is primarily controlled by inelastic, permanent compaction. Although the analysis of a few interferograms did not show significant seasonal variations in the subsidence rate in Mashhad between 2003 and 2005 [Motagh et al., 2007] , more detailed studies based on InSAR time-series analysis are required to better assess the possibility of such variations in the displacement field over compacting aquifer systems, allowing further details of the structure and hydrogeologic parameters of a groundwater basin to be resolved [Freeze and Cherry, 1979; Hoffmann et al., 2001] .
[11] In comparison to the rate of groundwater-induced deformation in other well-known basins such as Las Vegas, USA [Bell et al., 2002] , Mexico City, Mexico [Poland and Davis, 1969] and New Orleans, USA [Dixon et al., 2006] , Iran currently hosts some of the fastest sinking valleys and plain aquifers in the world. Hence, unregulated groundwater extraction and the associated subsidence in the future may also threaten non-agricultural regions, resulting in costly damage to infrastructure due to changing ground levels. While damage to infrastructure can be repaired, the impact of depleted groundwater supplies will be more insidious, with immense social, economic and environmental consequences. Future climate change is expected to put additional stress on ground water resources in Iran. Recent studies show that total water resources per capita in Iran have plunged by more than 65% during the last 4 decades, and are expected to decrease by another 16% by 2025 [Sarraf et al., 2005] . The increased demand for groundwater, and the high rate of subsidence resulting from overexploitation of this valuable resource are likely to become a serious challenge for future development at groundwater basins of central and northeast Iran.
[12] Experiences of other regions suffering from groundwater depletion and rapid subsidence show that implementing effective water resource management may help mitigate potential hazards posed by land surface subsidence. For example, importation of surface water to agricultural areas in San Joaquin Valley in California via the California Aqueduct in the late 1960's sharply decreased deformation rates in regions that had previously experienced up to 10 m of subsidence [Ireland et al., 1984] . The area that is now the City of San Jose (in the Santa Clara Valley) also had rapid subsidence of up to 4 m until remedial action was taken to stop water withdrawal [Poland and Ireland, 1988 ] -InSAR measurements now show only seasonal cycles of $2 cm and an overall rebound of $5 cm in the Santa Clara Valley as water levels have been restored to near-artesian levels, thanks to reliance on water transported to the Bay Area from the Sierra Nevada Mountains [Schmidt and Bürgmann, 2003] . Careful monitoring of groundwater resources is therefore necessary and caution should be taken to properly use groundwater so as to reduce the socio-economic consequences of overexploitation, that might be felt across national boundaries. Finally, we point out the importance of acquiring detailed hydrological data such as well locations, exploitation rates and lithostratigraphic maps of subsurface sequence in areas affected by land subsidence to better understand the relation between surface displacements and the lowering of the groundwater level. Such information, coupled with continued monitoring using InSAR, has the potential of revealing further details of the hydrology of the areas of subsidence and the geomechanical parameters of the underlying aquifer structure.
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